I. INTRODUCTION

I
N CHINA, the total length of power cables rated 10 kV and above has exceeded three hundred thousand kilometers, with most of them being commissioned for urban power transmission and distribution systems over the last 20 years [1] due to the ever-increasing rate of urbanization.
Like other power systems assets, the lifetime of cables obeys the "bathtub curve" which can be divided into the "burn-in phase" with a decreasing rate of early failures (0 5 years), the "useful life phase" with a low number of casual failures (5 25 years) and the "wear-out phase" with an increasing rate of aging related failures ( 25 years) [2] . The hundreds of cable-related Analysis of Significant Factors on Cable Failure Using the Cox Proportional Hazard Model failures which occur each year in the major metropolitan cities in China are mainly in the early part of the cable life cycle. Excepting third-party or external damages which happen in a random manner, the causes for these early failures are mainly due to manufacturing defects and poor installation practices [3] , [4] , despite the fact that strict procedures and technical standards are followed by cable and cable accessory manufacturers and cable installers [5] . A one hour routine dcvoltage withstand test of the oversheath and a 24 hours routine ac voltage withstand test of the main insulation are to be conducted after installation according to IEC-60840 [6] and IEC-62067 [7] , but failures due to manufacturing defects and poor installation quality have still been encountered [8] , as these tests can only reveal major defects that cause rapid breakdowns. Many forms of minor defects that cannot be detected during the manufacturing and installation processes will contribute to the deterioration leading to failures after a period of operation. These failures, often happen within the first five years of the cable life, are also known as early mortalities. Existing assessment and investigation of power cable failures are based on a simple calculation of the number of failures per one hundred kilometers per year or the number of failures per one hundred circuits, with considerations given occasionally to voltage ratings, cable types [9] and cable lengths. The outcome of the analysis is often inconclusive as cable failures can be due to a number of factors [10] .
The Weibull model has been used by Ainscough P. E [11] to analyze the relationship between the number of failures and their time-to-failures in order to predict the number of the failures in future years. The Crow-AMSAA model has been employed by Gill [12] to establish a maintenance model of aging cable. The Poisson distribution and the Binomial distribution have been adopted in the report of CIGRE Working Group A3.06 [13] to calculate the probability of failures among high voltage equipment. All these methods analyze failures of power equipment and assume that the failures fit certain types of statistical distribution. When the failure pattern of a particular type of equipment does not fit the required type of distribution, owing to the lack of data homogeneity, the results of the analysis would then be compromised. In addition, none of the above methodologies give consideration to the contributing or influencing factors that are most relevant to the failures of power cables. Hence there is a strong need for a novel methodology which is capable of dealing with cable failures especially [14] in 1972 and widely used in the medical domain to study how influencing factors affected survival time of patients [15] and in reliability analysis [16] , [17] . Compared with other statistical models as mentioned above, the greatest advantage of the Cox PHM is that it can consider the impact of more than one covariate simultaneously. This is exactly the feature required in analyzing those failure data related to early failures amongst power cables, which is discussed in the next section.
II. CABLE FAILURE DATA COLLECTION AND ANALYSIS
Failure and life data, to be used in this paper, are related to Medium Voltage (MV, rated at 10 kV) distribution cables and High Voltage (HV, 110 kV and 220 kV) transmission cables that have been collected from a regional electricity company in China.
The HV cable data include a total of 285 cable circuits with a length of 409 kilometers and 1068 cable joints. During the period between January 2004 and December 2011, 31 failures were registered.
Among the 31 HV failures, 18 failures occurred on cable joints with causative mechanisms related to manufacturing quality issues (13) , poor installation practice (2) and unknown (3), whilst third-party or external damage has mainly been responsible for the remaining 13 failures associated with cable. A total of 15538 MV cable circuits (10 kV) with a length of 3871 kilometers, and 134 failures were observed over the period from April 2011 to March 2013. There is a lack of details with regard to the number of cable joints and the number of failures which occurred on cable joints.
For each of the HV cable joints, relevant information collected includes: the date of commissioning, the manufacturer and the installer. For MV cable circuits, available information includes the name of each of the circuits, the date of commissioning, the manufacturer, the type of installation and the circuit length. The failure data, mostly early mortalities, include date and type (joint or main cable) of each failure and the cause of each of the failures. Further information extracted from the data is presented in Fig. 1 .
With the available records, cable failure mechanisms were categorized into poor practice in installation, manufacturing quality, aging, and third-party damage [18] , [19] . However there are situations where reasons for failure were not identified and registered as "unknown". As shown in Fig. 1 , of all the failures, the percentages of unknown reasons are 14.93% and 9.68% for MV and HV cables respectively. 
III. COX PROPORTIONAL HAZARD MODEL
The Cox PHM was proposed to analyze time-dependent and time-independent covariates, along with the hazard function under analysis [20] . An algebraic expression of the Cox PHM is given (1) where is the baseline hazard function, stands for timedependent covariates, and represents time-independent covariates. The regression parameters are denoted as and , respectively, and and represent the number of time-dependent and time-independent covariates, respectively. If the set of data under analysis obeys the Weibull distribution [21] , [22] , then the baseline hazard function can take the form of the Weibull model which has been a popular choice [21] , [22] . In this case the model is known as a full parameter model. However, when the focus of an analysis is on the relative importance of covariates on the hazard, then can be hidden. In this case the model is referred to as the half-parameter Cox PHM [23] .
In this paper, only the half parameter Cox PHM model and time-independent covariates are considered. The objective of the current analysis is to identify those factors which contribute (2) is the th covariate that can have influence on cable failure, while is the regression parameter that represents the weighting of the th covariate on the failures. When is positive, it means that th covariate has a positive correlation with the failures. While is negative, it means that th covariate is negatively correlated with the failures. If is equal to 0, it means that the covariate has no correlation with the failures. A specialized statistical software, SPSS, has been employed in this study to evaluate through regression analysis of the cable failure data. In using the PHM in SPSS, the baseline hazard function is still in (2), it does not have to take a specific form of distribution and can be ignored in SPSS.
IV. CABLE FAILURE DATA ANALYSIS
With cable failure data at hand, the procedures of carrying out the Cox PHM analysis in SPSS involve determination of the covariates, setting of dummy variables, calculation of time-tofailures for each failed cases, and identifying the significance of the influencing factors. Further explanations of the procedures are as follows.
A. Determining Covariates and Evaluation of Their Weightings Using the Cox PHM
The failure rates related to HV and MV cables have been analyzed separately. From the available data, HV cable failures and cable joint failures can be identified, which is not the case with MV cable data.
With HV cable failures, only 18 joint failures are considered. Those failures due to third-party damage, happening in a random manner, and aging failures have been ignored. Further to the HV failure example information provided in Fig. 1 , the HV joints considered were produced by eigjht manufacturers and installed by 4 different installation companies. The information regarding the methods of installation of HV cables was unavailable and has not been considered. MV cables and cable accessories were produced by 6 manufacturers, installed in 5 different methods and cable length is divided into 0 0.5 km, 0.5 1 km, 1 1.5 km and 1.5 km. Methods of installation include "laid in cable trenches," "directly buried," "in cable conduit," "overhead support," and "unknown". The covariates of HV and MV cables are shown in Table I . 
B. Setting Dummy Variables
A dummy variable is one that takes the value 0 or 1, indicating the absence or presence of the categorical effect of a covariate that may shift the outcome. If a covariate contains only two discrete classes, for example, the human gender contains male and female, the dummy variable is unnecessary. The covariate "Cable Length" is divided into four groups, which are: (0 0.5 km), (0.5 1 km), (1 1.5 km) and ( 1.5 km) length, respectively. The dummy variables and the method of their applications using regression analysis is discussed in [24] - [26] . Taking the covariate "cable length" as an example, cable lengths are grouped into (0 0.5 km), (0.5 1 km), (1 1.5 km) and ( 1.5 km), and these groups are represented by numbers 1, 2, 3 and 4, respectively. According to the rules of setting dummy variables, when cables of an arbitrary length group, for example the (0 0.5 km) group or ML1, is chosen as the base for analysis, then the other three length groups (ML2, ML3, ML4) are dummy variables. The codes of dummy variables can be formed for use in SPSS, as given in Table II . Although the other length groups can also be chosen as the base, the results will be the same. These procedures will be applied to other covariates and will not be repeated here.
C. Calculation of Time-to-Failure and Censored Time
In this paper, the data collected are the so-called "censored data" in statistics. This means that data include both cables with and without failures up to the day that data were collected. The failure date of the HV and the MV cables were collected from Dec. 1, 2011 and Feb. 27, 2013, respectively. If a cable had failed before the collection date, then the time-to-failure of the cable can be calculated. For those cables still in normal operation on the collecting date, the censored life time (between the date of commissioning and the date of data collection) of the cable was calculated. An example of the data set associated with HV cable joints after pre-processing of data and before carrying out regression is provided in Table V .
D. Analysis of Significance of Individual Covariates
Covariates are assessed based on whether they have a significant effect on the failures, and this is done through the Statistical Hypothesis Test [27] . The Hypothesis Test includes a null hypothesis and an alternative hypothesis. The p-value [28] , is a statistical tool for significance testing, and is adopted here in the Hypothesis Test. A predetermined significance level is set as 0.05, meaning when the p-value is below 0.05, the null hypothesis is refused because the chance of the null hypothesis being true is too small. However, when the p-value is greater than 0.05, the null hypothesis should be accepted. Here, the null (2)) is equal to 0" and the alternative hypothesis is taken as the "covariate's value is not equal to 0". The covariate's value is estimated using the Maximum Likelihood Estimation method. Table III illustrates the results produced from the regression analysis of failure data using SPSS, where SE is the standard error of . Wald is the value of the Wald test statistics in the hypothesis test using the SPSS software package, DF is the degree of freedom, and SIG is the p value of the hypothesis test.
E. Analysis of HV Cable Joints
signifies the relative risk. 95% CI means 95% confidence interval. The "backward stepwise" option has been chosen in SPSS in order to delete the covariates which are not significantly correlated with failure.
Two steps have been taken in SPSS. In step 1, the significance of covariates HI and HM were analyzed simultaneously. The SIG values of covariate HI and HM were found to be 0.196 and 0.077 respectively, both exceeding 0.05. HI is ignored in the process of "backward stepwise" regression because the SIG value of HI is greater than that of HM. In step 2, only the covariate HM was analyzed. As shown in Table IV , the SIG values for HM2 and HM3 were 0.013 and 0.001, respectively, both less than 0.05. For all other covariates, as their SIG values were greater than 0.05, their effects were assumed as insignificant and were therefore ignored.
For HM2, its value was 7.711, meaning that the failure hazard of the cables manufactured by manufacturer 2(HM2) was 7.711 times that of manufacturer 8(HM8). Meanwhile, the value of HM3 was 34.609, which indicates that the failure hazard using the cable joints produced by the 3rd manufacturer (HM3) was 34.069 times that of manufacturer 8(HM8). V  DATA INPUT TO SPSS (HV CABLE) (Note: the numbers in the third and fourth column of the table are taken in accordance to the rules given in Table I . In the final column of the table, the cable has failed when its "state" is given as 1 and is still in healthy or operational condition when it is 0.) It can be concluded that manufacturer 2(HM2) and manufacturer 3(HM3) were significantly and positively correlated with the failures. The installation companies and other manufacturers were found to be less correlated with the cable joint failures. It is worth noting that the particular cable joint manufacturer (HM3) eventually accepted its responsibility in the failures after a long-standing legal dispute. In post-failure analysis, poor design of the stress cones was recognized as the reason behind the high failure rate.
F. Analysis of MV Cable Circuits
As shown in Table IV , the SIG values of covariate MI, MM and ML were all zero, so no covariate should be ignored.
It can be found that the SIG values of MI3, MM4, ML2, ML3 and ML4 were 0, 0, 0, 0 and 0.002, respectively, with all being less than 0.05. In order to identify the most significant dummy variable from ML2, ML3 and ML4, their values were compared. ML3 was the most relevant for failure because the value of ML3 was found to be the greatest. From the above results, it can be concluded that installation method 3(MI3), manufacturer 4(MM4) and cable length of between 1 km and 1.5 km (ML3) were significantly correlated with failures. Cables laid in conduit should be recommended when cables are installed, while Manufacturer 4(MM4) should be the last name to be recommended in future cable procurement. Higher failure rates have been found to be associated with cables with a length between 1 and 1.5 km. The reason is due to the higher number of third-party damages.
V. DISCUSSIONS
A. Impact of Sample Size
It was found during the investigations that the results of the PHM-based analysis depend greatly upon the data sample size at hand. Taking the HV cable joints as an example, the total number of cable joints was 1068, while the number of failed cable joints was 18. When the sample size of 18 was taken, that is, only failed cable joints were considered as cable joint samples during the evaluation of covariate HM3, the significance value was 0.46. When all 1068 cable joints were taken as the data sample, the SIG value of covariate HM3 was 0.001, which was less than 0.05, meaning that the covariate had an effect on failures. Clearly, the correct data sample should be taken if meaningful results are to be generated.
B. Effect Due to Third-Party Damage on Analysis Results
The failures are most often caused by third-party damage. This category of failures encompasses a variety of failure symptoms. Some cables suffered instant failures and some failures occurred years after damage. The reason for the cases of third-party damages being taken into consideration in the paper was that they were related with installation methods and cable length. For example, a cable is more likely to be damaged by rodents if a cable is directly buried. Also, the longer the cable length, the higher is the probability of third-party damages. With regards to the significance of factors such as "manufacturer," ignoring failures due to third-party damage may yield more useful results.
In order to assess the effect of failures due to third-party damage on the analysis results, the "state" of MV cables that failed due to third-party damage were changed to 0. In other words, these cables were taken as being still in normal operation, with the other settings left unchanged. The significance of covariates MI3, MM4, and ML3 were compared with previous results. As can be seen from Fig. 2 , the relative risk of covariates MI3, MM4, and ML3 decreased.
VI. CONCLUSIONS
This paper presented the Cox PHM-based approach and its application to a set of cable early-failure data, and demonstrated that the model can help to quantify the degree of the effect of the selected covariates on cable and cable joint failures. It is capable of providing accurate decisions on outstanding factors, such as a particular manufacturer and/or an installation method, which may be responsible for the failures, especially when more than one factor has an influence on cable failures. The model should help asset managers to deal better with early failures as the model can help to identify weak links, with statistical evidence, in the processes of procurement, design and installation methods.
Compared with the Weibull distribution, the Cox PHM is more adaptive and robust because it is a semi-parameter model which does not need to know the distribution of data. The covariates used in the Cox PHM should contain the entire cable sample. Otherwise, analysis can lead to misleading results. 
